Age-related macular degeneration (AMD) is the leading cause of visual impairment in older individuals in industrialized countries.[@bib1] Although the early and intermediate stage of disease is typically hallmarked by soft drusen,[@bib2] a subset of patients presents with predominantly reticular pseudodrusen (RPD).[@bib3]^,^[@bib4] These RPD, also termed as reticular drusen or subretinal drusenoid deposits (SDD), have histologically shown to correspond to retinal deposits anterior to the retinal pigment epithelium (RPE) in contrast to the subretinal pigment epithelial location of soft drusen.[@bib5]^--^[@bib7] Distinctive clinical characteristics of RPD are the typical incomplete or complete ring-shaped pattern with initial sparing of the fovea in contrast to soft drusen, which are typically located in central retinal areas, as well as the higher associated risk of progression to late stages including atrophy development.[@bib8]^--^[@bib12] Moreover, a higher incidence of RPD and development of multifocal lesions of macular neovascularization type 3 (MNV 3) has been recently described, which were typically more likely distributed in the temporal perifoveal area corresponding to the predominant pattern of RPD distribution.[@bib13]^,^[@bib14] In this context Sadda and coworkers[@bib12] demonstrated in a meta-analysis that atrophy development often occurred in context of MNV treated with anti-vascular endothelial growth factor (VEGF) therapy; however, at the same time it remained unclear whether anti-VEGF treatment is a causal reason for atrophy or rather associated with atrophy development. Besides RPD counting as a high-risk factor for retinal atrophy and corresponding progressive visual impairment, a putative association of RPD and systemic cardiovascular diseases has been suggested in previous studies.[@bib15]^,^[@bib16]

With the development of high-resolution retinal imaging in retinal diseases, microstructural changes of retinal layers have been detected in presence of RPD.[@bib9]^,^[@bib17] In this context, we previously reported on a localized reduction of the outer retina,[@bib18] and Querques et al.[@bib19] revealed an overall thinning of the choroid. Moreover, regression of subretinal deposits was shown to be associated with the development outer retinal atrophy, as well as a reduction of the underlying choroidal thickness.[@bib20]^,^[@bib21] Further optical coherence tomography angiography (OCT-A) studies reported a reduced choriocapillaris vessel density and a loss of choriocapillaris flow signal in RPD eyes in contrast to healthy control groups.[@bib22]^,^[@bib23]

Various studies found a functional impairment beyond best-corrected central visual acuity, using electroretinography (ERG) testing and fundus-controlled perimetry (FCP) (also termed as microperimetry).[@bib24]^--^[@bib32] A reduction of multifocal electroretinography (mfERG) function was seen in areas of RPD by Alten and coworkers.[@bib23] In addition increased rod-intercept time (RIT) in presence of RPD was observed by Flamendorf et al.,[@bib33] whereas within a longitudinal observational period of 12 months RIT was shown to remain stable in eyes with AMD and RPD.[@bib34] In another 12 months' follow-up study, a significant increase of RIT in eyes with RPD and iAMD was demonstrated in 14% of all testing points.[@bib35] Interestingly there are further studies indicating a higher impairment of rod function within changing retinal eccentricity in eyes with RPD.[@bib26]^,^[@bib34]^,^[@bib36]^,^[@bib37] In this context highest impairment of rod function was found at 4° and 6° eccentricity of the fovea by Tan and coworkers,[@bib34] whereas in another study highest abnormality of rod function in eyes with RPD was observed at 8° eccentricity after previous photobleach.[@bib26]

FCP testing recently showed a localized reduction of mesopic and especially scotopic retinal sensitivity corresponding to areas with RPD secondary to AMD,[@bib25]^,^[@bib27] which could be previously linked to a localized thinning of the partial outer retinal layer thickness.[@bib18] In another work Wu and coworkers[@bib38] did not observe a significant association of functional changes in mesopic FCP testing within presence of RPD in a cross-sectional study, whereas a reduced multifocal electroretinography (mfERG) implicit time, as well as reduced function, was exhibited in areas of RPD.

In summary, recent findings underscore that eyes with predominantly RPD differ not only in terms of natural history and retinal function from eyes with soft drusen, but potentially also in terms of treatment response.[@bib27] A subgroup analysis by Guymer et al.[@bib39] suggests that eyes with RPD treated by subthreshold nanosecond laser have an increased risk for progression to late-stage disease compared to eyes with without RPD.

To date data on structural and functional changes in presence of RPD over time are limited. While the extension of areas with RPD, the increase of RPD density and the regression of individual lesions over time has been shown, the dynamics of progressive outer retinal degeneration associated with RPD lesions are yet poorly understood.[@bib18]^,^[@bib20] Further, it remains unclear how functional impairment is both temporally and spatially linked to RPD occurrence. This may be important for the design of clinical trials and the development of meaningful clinical endpoints in AMD. In this context, the aim of the current study was to quantify thickness changes of different retinal layers over time and to both spatially and temporally evaluate the effects of morphological changes on mesopic and scotopic retinal sensitivity as assessed by FCP.

Methods {#sec2}
=======

Subjects {#sec2-1}
--------

Subjects of the study were recruited at the Department of Ophthalmology at the University of Bonn, Bonn, Germany, and were monitored---in addition to the baseline visit---by three annual visits between June 2014 and February 2019 (total of four visits). For inclusion, eligibility criteria were the presence of RPD encompassing the size of at least two disc areas with at least one medium (\>63 µm) or large (\>125 µm) size druse in the context of AMD in either eye.[@bib2]^,^[@bib25] If both eyes of a patient met the inclusion criteria, both eyes were enclosed.

As controls, cross-sectional data of age-matched eyes without any signs of pathologic ocular changes (one eye of per subject) were included, i.e., no follow-up visits were performed in controls. For both subjects and controls, only eyes with clear media, visual acuity of a least logMAR 0.2, as well as stable fixation to enable functional testing and multimodal imaging, were included in this study.

Exclusion criteria included any signs of geographic atrophy (GA), MNV, diabetic retinopathy, glaucoma, prior laser treatments or prior intraocular surgery except for cataract surgery. AMD subjects and controls with refractive errors greater ±3 diopters spherical equivalent were excluded.

All participants received a complete ophthalmological examination including best-corrected visual acuity assessment (BCVA), slit lamp examination and fundus biomicroscopy.

The study protocol complied with the Declaration of Helsinki and was approved by the local ethics committee (Ethik-Kommission, Medizinische Fakultät, Rheinische Friedrich-Wilhelms-Universität; Lfd. Nr.125/14). After explaining the study procedures and possible consequences of participation, written consent of participation was obtained from each participant.

Retinal Imaging {#sec2-2}
---------------

For retinal imaging a standardized imaging protocol was performed in subjects and controls after pupil dilation with 1.0% tropicamide and 2.5% phenylephrine. Simultaneous confocal scanning laser ophthalmoscopy (cSLO) and spectral-domain optical coherence tomography (SD-OCT) imaging was performed using the Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg, Germany) device. The imaging protocol included color fundus photography, fundus autofluorescence (exc λ = 488 nm, em λ = 500--800 nm, minimum 15 frames), as well as combined cSLO near-infrared reflectance and SD-OCT imaging (high-speed mode, 30° × 25°, ART minimum 9 frames, 61 B-scan, distance 120 µm).

Analysis of Retinal Thickness {#sec2-3}
-----------------------------

For thickness analysis of retinal layers, volumetric SD-OCT data were initially automatically segmented with the Heidelberg Eye Explorer software (Spectralis Viewing Module 6.3.2.0; Heidelberg Engineering, Heidelberg, Germany). Each segmentation of the 61 B-scans was reviewed carefully and corrected manually if indicated. In our study we defined the total retinal thickness as the distance between the internal limiting membrane (ILM) and the Bruch\'s membrane (BM). The retinal-pigment-epithelium-drusen-complex (RPEDC) thickness was measured from the BM to the retinal-pigment epithelium layer (RPE) including RPD. As previously reported,[@bib18] the hyporeflective zone between the hyperreflective border of the outer plexiform layer (OPL; inner border) and the hyperreflective inner border of the ellipsoid zone (outer border) was defined as the partial outer retinal layer (pORL), (see [Fig. 1](#fig1){ref-type="fig"}). Due to the challenging discrimination of the ellipsoid zone (EZ) within presence of RPD, retinal thickness of the EZ was not included in this analysis. The inner retina was defined as the distance between the ILM and the OPL.

![Spectral-domain optical coherence tomography raster scan (*left*) with the segmented retinal layers (*top right*) of the total retina (*blue*), the inner retina (*violet*), the pORL (*red*), and the RPEDC (*green*), as well as the boundaries (*bottom right---red colored*) for the assessment of the pORL thickness.](iovs-61-10-19-f001){#fig1}

Fundus-Controlled Perimetry {#sec2-4}
---------------------------

FCP was performed under scotopic and mesopic conditions in patients using the Nidek MP-1S device (Nidek Technologies, Padova, Italy). For each examination a test grid (10° × 10°) of 56-stimuli points was used, centered on the fovea of each eye. At each visit subjects started with the scotopic examination with dark adaptation of 20 minutes before testing. To handle the limited dynamic range for scotopic testing with the Nidek MP-1S device, each scotopic examination (Goldmann V, 200 ms, 4-2 strategy, background luminance 0.0032 cd/m^2^, 3° radius, and 1-pixel fixation ring) started with a filter selection test to determine the appropriate neutral density (ND) filter (0.0 log units, 1.0 log units and 2.0 log units). The pretest was used based on previous protocols following discussion with the manufacturer of the device.[@bib18]^,^[@bib25] Then, after a short break (less than five minutes) and ending dark adaptation, patients underwent mesopic testing (Goldmann III, 200 ms, 4-2 strategy, background luminance 1.27cd/m^2^).

Because of the difficulties of a direct comparison of scotopic sensitivities within the different filter groups, results of functional testing in each study eye were only included in the current analysis, if there had been no change of the ND filter between baseline and the follow-up examinations. For the longitudinal analysis of retinal function, point-wise change of retinal sensitivity from baseline to the single follow-up visits was evaluated. Moreover retinal sensitivities in the different groups of retinal areas were compared to each other. With the use of combined confocal SLO infrared reflectance and spectral-domain (SD)-OCT, as well as fundus autofluorescence imaging, the following retinal areas were detected and compared with each other: (a) areas with RPD being already present at baseline visit, (b) areas showing unremarkable pathological changes at any visit, and finally (c) areas with new RPD lesions developing during follow-up visits.

Pointwise Correlation of Retinal Sensitivity to Localized Retinal Layer Thickness {#sec2-5}
---------------------------------------------------------------------------------

As previously reported in a recent work by Pfau and coworkers,[@bib27] for the analysis of retinal layer thickness at the corresponding stimulus location of FCP testing, volumetric thickness maps for each layer were transferred as tab-delimited file to Image J (U.S. National Institutes of Health, Bethesda, MD, USA). The FCP data were registered and aligned to the outer retinal to the SD-OCT en face image in Image J using nonlinear affine transformation according to retinal vessel bifurcations. Then, the position of each FCP stimulus location as marked on the SD-OCT en face image with the tracing tool provided by Image J. Finally, retinal thickness at the site of each stimulus location and area for scotopic (Goldmann V 1.7°) test stimuli were extracted from the SD-OCT for each layer using the measure function in Image J.

Statistical Analysis {#sec2-6}
--------------------

Statistical analyses were performed using the software program R. Snellen fractions of visual acuity measurement were converted to the LogMAR chart. At baseline mean retinal sensitivities and mean retinal thickness values were analyzed in areas of RPD and unremarkable regions of the retina. For retinal thickness analysis, thickness values were normalized (z-scores) based on the corresponding normative mean value and normative standard deviation (SD) derived from the age-matched control group. For the longitudinal analysis, baseline differences of retinal thickness and retinal sensitivity values were evaluated. To account for derived variations in retinal layer thickness caused by horizontal and vertical directions, spatial coordinates of each test stimuli and eye were taken into consideration to correct for the topographic variations between eyes. Then mixed-linear effect models were applied for the structure-function analysis.

Results {#sec3}
=======

Demographics {#sec3-1}
------------

Thirty eyes of 25 AMD patients (mean age 72.1 years, interquartile range \[IQR; 70.19--79.80\], range 62.0--86.9; 16 females, 10 pseudophakic eyes) and 19 eyes of 19 controls (mean age 71.5 years, IQR \[69.7--76.5\], range 67--89; 11 females, 1 pseudophakic eye) were included at baseline. FCP testing was performed in 18 eyes using the ND 1.0 filter, in 12 eyes the ND 2.0 filter was applied. Follow-up examinations were performed at month 12 (FU1) in 20 eyes, at month 24 (FU2) in 12 and at month 36 (FU3) in 11 eyes, respectively. Eyes were excluded from follow-up examinations in case of a conversion to macular neovascularization (n = 1 at FU2) or in case of a ND filter change (n = 6 at FU1; n = 3 at FU2; n = 1 at FU3). Further follow-up data of eight eyes were not available because subjects were no longer willing or able (because of general illness) to further participate in the study (n = 4 at FU1; n = 4 at FU2; and n = 0 at FU3). [Table 1](#tbl1){ref-type="table"} gives an overview on patient data available at each time of follow-up visit and detailed reasons for study exits. Eyes that were once excluded at follow-up visit did not receive a follow-up examination at a later time point.

###### 

Overview of the Number of Follow-Up Visits and Reasons For Study Exits in the Patient Cohort

  Patient Study Cohort                                          Baseline   FU1   FU2   FU3
  ------------------------------------------------------------ ---------- ----- ----- -----
  Number of assessed patients' eyes for analysis                                      
   Total                                                           30      20    12    11
  Number of study exits                                                               
   Exit b/o conversion into macular neovascularization (MNV)       /        0     1     0
   Exit b/o ND filter change                                       /        6     3     1
   Exit b/o general illness                                        /        4     4     0

b/o, because of.

Mean BCVA at baseline was logMAR 0.1 (Snellen equivalent 20/25; IQR \[0.0--0.2\] range 0.3--0.0). Over three years, a slight decline in BCVA was observable with a mean of logMAR 0.1 (Snellen equivalent 20/25; IQR \[0.1--0.2\] range 0.4--0.0) at FU1, of logMAR 0.2 (Snellen equivalent 20/32; IQR \[0.0--0.3\] range 0.0--0.5) at FU2 and of logMAR 0.2 (Snellen equivalent 20/32; IQR \[0.1--0.4\] range 0.0--0.4) at FU3.

Cross-Sectional Retinal Thickness Analysis {#sec3-2}
------------------------------------------

At baseline, retinal thickness of the pORL was reduced in areas with RPD with a thickness (mean ± SD) of 70.21 ± 7.09 µm compared to 77.47 ± 5.02 µm in unremarkable retinal regions (difference −7.26 \[−6.32; −8.20\], 95% confidence interval \[CI\], *P* \< 0.001). At baseline the total retina, the RPEDC, and the inner retina were thicker in areas with RPD compared with areas with unremarkable pathological alterations. For more detailed results, also see [Supplemental Tables S1](#iovs-61-10-19_s001){ref-type="supplementary-material"} and [S2](#iovs-61-10-19_s001){ref-type="supplementary-material"}.

Longitudinal Change of Retinal Thickness {#sec3-3}
----------------------------------------

Comparing results of longitudinal retinal thickness changes, the pORL layer thickness exhibited a significant decrease over time. After three years, the pORL decreased by (estimate ± standard error \[SE\]) −0.668 ± 0.07 SD (SD of the control group) (*P* \< 0.001) in areas with RPD, followed by −0.404 ± 0.10 SD (*P* \< 0.001) in new occurring RPD regions and to a lesser extent by −0.173 ± 0.08 SD (*P* = 0.041) in unremarkable regions. This corresponds in terms of thickness deviation (i.e., accounting for the spatial variation of normative mean thickness, but not for the spatial variation in normative thickness variability) to −12.5 µm in areas with RPD, −7.6 µm in areas with new RPD and to −3.2 µm in unremarkable regions (non-RPD). In addition, longitudinal retinal thickness analysis revealed higher retinal layer thicknesses changes in any areas affected by RPD compared with unremarkable areas of the retina. Interestingly, longitudinal retinal thickness changes in areas with new arising RPD were higher for the inner retina (i.e., retinal thinning) and the RPEDC (i.e., retinal thickening) compared with thickness changes in areas with previous existing RPD.

More detailed results of the longitudinal retinal layer thickness alterations with corresponding thickness deviations are illustrated in [Figure 2](#fig2){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}. Moreover, a representative patient example of sensitivity and pORL thickness changes in areas of RPD over three years is shown in [Figure 3](#fig3){ref-type="fig"}.

![Graphical illustration of the longitudinal thickness changes in SD of the control group of the total retina, the inner retina, the RPEDC, and the pORL thickness. For each of the four layers, the changes are shown for the three different groups: (**a**) regions of existing RPD at baseline, (**b**) regions of newly developing RPD, and (**c**) in non-remarkable regions of the retina. Data of the retinal thickness change were plotted in normative SD. The x-axis shows the number of the follow-up visit.](iovs-61-10-19-f002){#fig2}

###### 

Detailed Results of the Longitudinal Retinal Thickness Changes[^\*^](#tb2fn1){ref-type="table-fn"}

                           Follow Up 1    Follow Up 2   Follow Up 3                                                                               
  -------------- --------- ------------- ------------- ------------- ------ -------- ------ -------------- ------- -------- ------ -------------- -------
  Total Retina   RPD       −0.258            0.09       *P* = 0.011  −4.8   −0.553    0.09   *P* \< 0.001  −10.4   −0.519    0.09   *P* \< 0.001  −9.7
                 New RPD   −0.140            0.12       *P* = 0.254  −2.6   −0.262    0.12   *P* = 0.036   −4.9    −0.267    0.12   *P* = 0.029   −5.0
                 Non-RPD   0.282             0.11       *P* = 0.124  5.3    −0.044    0.11   *P* = 0.683   −0.8    −0.067    0.11   *P* = 0.535   −1.3
  Inner Retina   RPD       −0.171            0.07       *P* = 0.029  −3.2   −0.289    0.08   *P* = 0.001   −5.4    −0.175    0.08   *P* = 0.040   −3.3
                 New RPD   −0.050            0.11       *P* = 0.653  −0.9   −0.130    0.11   *P* = 0.248   −2.4    −0.242    0.10   *P* = 0.029   −4.5
                 Non-RPD   0.337             0.09       *P* = 0.001  6.3    0.111     0.09   *P* = 0.239   2.1     0.004     0.09   *P* = 0.964   0.1
  RPED-Complex   RPD       −0.384            0.18       *P* = 0.049  −7.2   −0.470    0.19   *P* = 0.022   −8.8    −0.276    0.19   *P* = 0.165   −5.2
                 New RPD   0.230             0.24       *P* = 0.339  4.3    0.304     0.24   *P* = 0.209   5.7     0.637     0.23   *P* = 0.009   12.0
                 Non-RPD   0.188             0.21       *P* = 0.378  3.5    0.150     0.21   *P* = 0.483   2.8     0.096     0.21   *P* = 0.653   1.8
  pORL           RPD       −0.104            0.06       *P* = 0.118  −2.0   −0.479    0.07   *P* \< 0.001  −9.0    −0.668    0.07   *P* \< 0.001  −12.5
                 New RPD   −0.282            0.10       *P* = 0.005  −5.3   −0.431    0.10   *P* \< 0.001  −8.1    −0.404    0.09   *P* \< 0.001  −7.6
                 Non-RPD   −0.024            0.08       *P* = 0.773  −0.5   −0.313    0.08   *P* \< 0.001  −5.9    −0.173    0.08   *P* = 0.041   −3.2

The *z*-scores (estimate ± SE) in SD of the control group at each follow-up visit (FU 1, FU 2, FU 3) in regions with RPD, new arising regions of RPD (New RPD), and unremarkable regions of RPD (Non-RPD) with the corresponding longitudinal *P* values (FU visit to baseline visit). For comparison we provided the estimates in terms of thickness deviation from the spatially corresponding normative value. However, compared to *z*-scores, these do not take into account for the normative variability in thickness varies across the retina.

![Representative example of a 72-year-old AMD patient with RPD in his left eye. Structural and functional data are illustrated for each visit (from left to right: baseline, follow-up 1 \[FU 1\], follow-up 2 \[FU 2\], and follow-up 3 \[FU 3\]). Extension area of RPD is shown by near-infrared cSLO imaging (first row: native images, second row: area involved highlighted by blue color). Corresponding functional testing is shown for mesopic (third row) and scotopic (fourth row) FCP. Thickness of the pORL (fifth row) is illustrated by a "heat map." Note the increase in area extension of RPD over time, spatially and temporally corresponding to progressive thinning of the pORL and increasing loss of mesopic and scotopic retinal sensitivity.](iovs-61-10-19-f003){#fig3}

Cross-Sectional Functional Analysis {#sec3-4}
-----------------------------------

At baseline, a total of 1680 test stimuli measured in 30 eyes was available for analysis, of which 952 test points were in RPD areas and 670 in unremarkable areas. The mean sensitivity in RPD regions was (mean ± SD) 16.60 ± 0.69 dB; (95% CI 15.13; 18.0) in mesopic and 12.14 ± 0.65 dB; (10.75; 15.53) in scotopic testing using the ND 1.0 filter. These values were markedly reduced as compared with unremarkable areas, showing mean sensitivities of 18.72 ± 0.35 dB; (17.97; 19.47; mesopic) and 18.67 ± 0.33 dB (17.96; 19.37; scotopic). Similar observations were made in eyes that required the ND 2.0 filter (RPD area sensitivity: 18.14 ± 0.66 dB; \[16.68; 19.59\] for mesopic and 16.35 ± 0.31 dB; \[15.67; 17.05\] for scotopic testing; unremarkable area sensitivity 19.07 ± 0.36 dB; \[18.26; 19.88\] for the mesopic and 18.10 ± 0.51 dB; \[16.97; 19.23\] for the scotopic examination).

Change of Retinal Sensitivity Over Time {#sec3-5}
---------------------------------------

Taking a look at longitudinal retinal sensitivity changes resulting from a regression model, mesopic function showed a change of (estimate ± SE) −7.76 ± 0.51 dB (*P* \< 0.0001) in RPD regions and of −3.12 dB ± 0.59 dB (*P* \< 0.0001) in unremarkable regions after three years. Scotopic retinal function exhibited a change of −3.51 ± 0.74 dB (*P* \< 0.0001) for RPD and of 0.32 ± 0.77 dB (*P* = 0.6799) for unremarkable regions during these three years.

In region that developed "de novo" RPD, a reduction in both mesopic and scotopic retinal sensitivity was observed with a mean decrease in mesopic sensitivity of −1.89 ± 0.72 dB (*P* = 0.0096) at FU1, −4.76 ± 0.72 dB (*P* \< 0.0001) at FU2 and −5.97 ± 0.70 dB (*P* \< 0.0001) at FU3 and changes of scotopic sensitivity of −0.48 ± 0.83 dB (*P* = 0.569) at FU1, −2.55 ± 0.83 dB (*P* = 0.0039) at FU2 and −2.06 ± 0.82 dB (*P* = 0.0168) at FU3. Detailed results of the longitudinal sensitivity changes are shown in [Figure 4](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}.

![Graphical illustration of the longitudinal sensitivity changes \[estimate ± standard error\] in dB for mesopic and scotopic FCP testing at each follow-up visit (FU 1--3). Results are presented for retinal regions with RPD, newly developing RPD at follow-up visit, and regions with nonremarkable pathological alterations.](iovs-61-10-19-f004){#fig4}

###### 

Longitudinal Sensitivity Changes[^\*^](#tb3fn1){ref-type="table-fn"}

  FCP Examination    Region   FU1               FU2               FU3
  ----------------- --------- ----------------- ----------------- -----------------
  Mesopic              RPD    −3.68 ± 0.46 dB   −7.19 ± 0.50 dB   −7.76 ± 0.51 dB
                              (*P* \< 0.0001)   (*P* \< 0.0001)   (*P* \< 0.0001)
                     New RPD  −1.89 ± 0.72 dB   −4.76 ± 0.72 dB   −5.97 ± 0.70 dB
                              (*P* = 0.0096)    (*P* \< 0.0001)   (*P* \< 0.0001)
                     Non-RPD  −2.63 ± 0.59 dB   −4.63 ± 0.59 dB   −3.12 ± 0.59 dB
                              (*P* \< 0.0001)   (*P* = 0.0004)    (*P* \< 0.0001)
  Scotopic             RPD    −1.18 ± 0.72 dB   −3.50 ± 0.73 dB   −3.51 ± 0.74 dB
                              (*P* = 0.1166)    (*P* \< 0.0001)   (*P* \< 0.0001)
                     New RPD  −0.48 ± 0.83 dB   −2.55 ± 0.83 dB   −2.06 ± 0.82 dB
                              (*P* = 0.569)     (*P* = 0.0039)    (*P* = 0.0168)
                     Non-RPD  −0.23 ± 0.77 dB   −0.57 ± 0.77 dB   0.32 ± 0.77 dB
                              (*P* = 0.7612)    (*P* = 0.4654)    (*P* = 0.6800)

Estimate ± standard error deriving from a regression model at each follow-up (FU) visit of mesopic and scotopic FCP testing in regions with RPD, new arising regions of RPD (New RPD), and unremarkable regions of RPD (Non-RPD) corresponding to [Figure 4](#fig4){ref-type="fig"} with longitudinal *P* values (follow-up visit to baseline visit).

Topographic Comparison of Longitudinal Retinal Thickness and Sensitivity Changes {#sec3-6}
--------------------------------------------------------------------------------

Comparing the topographic variation of longitudinal retinal thickness changes for each retinal layer and each area (with or without RPD), detailed analysis revealed significant higher losses of pORL thickness in areas of RPD and new RPD within the central 2° to 6° of the retina compared to thickness changes within the more peripheral retina (8°--10°). No significant longitudinal thickness changes between the center and the periphery were noted for the total retina, the inner retina, and the RPEDC. Interestingly, total values of RPEDC layer thickness changes were higher in areas with new arising RPD within the central 6° of the retina compared with the periphery.

The retinal sensitivity changes over time of both mesopic and scotopic sensitivity did not differ between the central and peripheral retina. Nevertheless total values of retinal sensitivity changes were higher for mesopic and scotopic FCP testing in areas with RPD and New RPD in the central retina compared to sensitivity changes outside of the central 6°. Supplementary Tables S3A and S3B demonstrate the detailed boxplots on the longitudinal topographic distribution of the corrected retinal layer thickness changes, as well as mesopic and scotopic sensitivity changes.

Structure Function Analysis {#sec3-7}
---------------------------

Mixed-effect models considering the effect of retinal thickness alone on retinal sensitivity disclosed no significant effect of retinal thickness of the total retina (−0.134 ± 0.32 dB per *Z*-score of FRT; *P* = 0.67) and the inner retina (−0.35 ± 0.25 dB per *Z*-score of IRT; *P* = 0.174) on scotopic retinal function. However, for the RPEDC and the pORL layer, both the retinal thickness, as well as the absence/presence of RPD demonstrated a significant effect on scotopic retinal function (−0.94 ± 0.18 dB per *Z*-score of RPEDC; *P* \< 0.001 and 1.16 ± 0.27 dB per *Z*-score of pORL; *P* \< 0.001). A significant interaction effect between the pORL thickness and the absence of RPD was not observed at baseline visit (*P* = 0.155). Moreover, pORL thickness change of 1 SD was correlated to a sensitivity reduction of 3.47 dB in scotopic and of 0.79 dB in mesopic FCP testing, respectively, *P* \< 0.001. Although inner retinal thickness exhibited no significant association with scotopic function alone, test stimuli coinciding with unremarkable retina exhibited a significantly higher scotopic sensitivity (+3.87 ± 0.17 dB, *P* \< 0.001). With regard to structure-function correlations for mesopic retinal sensitivity, similar significant associations between retinal layer thicknesses and retinal function were observed, although general estimated mesopic retinal sensitivity was higher and less reduced in presence of RPD compared with scotopic testing (also see [Supplemental Table S4](#iovs-61-10-19_s001){ref-type="supplementary-material"}).

Discussion {#sec4}
==========

This longitudinal natural-history study demonstrates that eyes with intermediate AMD (iAMD) and predominantly RPD are characterized by both progressive outer retinal degeneration and functional decline. These structural and functional impairments are especially pronounced in regions with RPD at baseline and newly developing RPD during the review period. Moreover, this study shows a point-wise correlation of pORL thinning to a localized loss of mesopic and scotopic retinal sensitivity.

Of all retinal layers tested and compared to controls, the pORL layer exhibited the most pronounced reduction of thickness in RPD regions (both existing and new occurring) at baseline and longitudinally. These observations that were made by comparing different regions within eyes would be in line to the findings reported by Ramon at al. of a faster thinning of ONL layer thickness in eyes with RPD within two years as compared to eyes with soft drusen.[@bib40] In addition, results of a progressive pORL thinning do not only characterize outer retinal degeneration, but also point at underlying dynamic retinal processes of drusen as for example in this context RPD regression within a longitudinal period. For the RPEDC for example, a significant retinal layer thickening was exhibited in areas with New RPD, while progressive RPEDC thinning was shown within the longitudinal period in areas of previous existing RPD. Of note, Y. Zhang and coworkers were recently able to precisely describe the trajectories of progression and regression of individual RPD using adaptive optics scanning laser ophthalmoscopy (AOSLO).[@bib21] By extension, we could now demonstrate that this lifecycle of RPD is indeed associated with a functional loss in terms of mesopic and scotopic retinal sensitivity.[@bib7] It would be well conceivable that these observations would reflect progressive loss of photoreceptor integrity. Comparing longitudinal retinal thickness changes between the different retinal layers, findings moreover exhibited a trend towards a thinning of the inner retina in areas of RPD. Although previous cross-sectional studies could not find thickness changes of the inner retina in areas above drusen,[@bib41]^,^[@bib42] results of the structure-function analysis of this study indicated a significant association of the inner retinal layer thickness in presence of RPD with mesopic and scotopic retinal function. This observation may be explained by secondary changes to the inner retinal layers after the pronounced thinning of the pORL in association with RPD. Further longitudinal studies with longer follow-up time and also including follow-up data of healthy controls are here needed to further analyze the impact of the inner retina on retinal function.

In addition, findings of higher retinal layer thicknesses and retinal sensitivity changes within the central 2° to 6° retina compared with the periphery (8°--10°) correspond to the predominant perifoveal distribution of RPD, as well as to previous findings on rod mediated retinal function by Flynn and coworkers.[@bib36]

Compared with previous cross-sectional structural-functional studies,[@bib26]^,^[@bib33]^,^[@bib43] using dark-adapted microperimetry, rod-mediated dark adaption and also electroretinography, this study confirms the strong spatial correlation between the thinning of the outer retina and impairment of both rod and cone function that was present at all four visits tests during the longitudinal observation.

RPD represent subtle lesions and their detection requires high-resolution imaging that was accomplished by multimodal imaging. Our findings demonstrate that dynamic changes in structure can be reliably quantified over an observation time of three years using current imaging technology. Future technological developments might improve detection of microstructural changes in more detail, potentially allowing to assess dynamic changes in shorter follow-up times.

At baseline we demonstrated a more pronounced loss of scotopic than mesopic sensitivity, whereas structural correlation was stronger for scotopic than mesopic FCP testing. Over time progressive reduction of sensitivity loss was larger for mesopic as compared with scotopic testing. This observation might indicate earlier deterioration of rod photoreceptors with subsequent cone degeneration during the life cycle of RPD corresponding to previous histopathologic findings on photoreceptor degeneration in context of AMD[@bib44]^,^[@bib45] However, the limited dynamic range of the system, resulting in floor and ceiling effects, might also contribute to this observation.[@bib46] After the initiation of this study, FCP devices with greater dynamic ranges have become available in the meantime.[@bib27]^,^[@bib46] The use of these new devices would be helpful to further investigate different degrees of progressive rod and cone dysfunction over time in the presence of RPD.

Previously, Wu et al.[@bib47] reported on an estimated localized loss of mesopic sensitivity of −0.29 dB per 10-µm RPEDC thickening in eyes with large drusen and with or without RPD in iAMD. This study, including scotopic sensitivity assessment, also demonstrated pointwise structural-functional correlations along with RPEDC thickening. Hereby, the range of sensitivity loss of −0.34 dB for mesopic and −0.94 dB for scotopic function per 1 SD RPEDC thickening would be comparable to the work by Wu et al.[@bib47] In addition to challenges with FCP testing as outlined above, the sample size of this study was limited, and follow-up data were not available for all subjects. Although this study demonstrates a clear association of structure and function and its progression over time, detection of RPD and associated morphologic, as well as fine-detailed, functional changes can be subtle. A larger sample size with extensive follow-up would potentially allow to further investigate the extent and dynamics of structural and functional changes in the presence of RPD in more detail. For now, this study provides---to the best of our knowledge---for the first time detailed testing results at well-defined follow-up time points over three years, allowing us to estimate the progression of structural and functional change in the presence of RPD. The results of this study will be helpful to design and conduct future study on the structural and functional impairment in AMD patients.

In summary, this study provides data on the progression of structural and functional changes in the presence of RPD. It confirms previous cross-sectional reports of a localized correlation of pORL thinning and more severe rod than cone functional impairment, demonstrating that these observations are consistently present at each time point over three years. Moreover, the progressive nature of these degenerative changes can be accurately quantified. Structural and functional changes in newly occurring RPD areas also underscore the pathological relevance of RPD lesions in course of AMD disease. The results of the study suggest that thinning of the pORL and assessment of both scotopic and mesopic FCP may represent attractive structural and functional biomarkers for future interventional clinical trials in AMD.
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